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Structural modifications of Cu/ZnO catalysts for methanol steam reforming (MSR) 
have been investigated as a function of precipitate aging in the catalyst preparation 
process. Freshly precipitated Cu,Zn-hydroxycarbonate precursor (HC) and Cu,Zn-
hydroxynitrate precursor (HN) were aged in their mother liquor for 120 min followed 
by washing, drying, calcination and reduction. The characteristics of the precursors 
before and after aging were determined by means of TG/MS, XRD, and SEM. 
Generally, more pronounced aging effect was observed for HC precursor (reference 
catalyst) while no significant effect of aging was observed for HN precursor.  
 
In order to determine the microstructural changes as a function of aging, the bulk 
structure of the Cu/ZnO catalysts was investigated by in-situ XRD, XAS, 63Cu NMR 
and HRTEM. The observed increase in the activity of the catalysts prepared by HC 
aging coincides with a decrease in copper crystallite size (i.e. an increase in Cu 
surface area) and an increase in the microstrain in the copper clusters presumably 
because of the improved interface between Cu and ZnO in comparison to the HN 
  iv 
prepared catalysts. Aging of the HN precursors results in large, separated and less 
strained Cu and ZnO particle with an inferior catalytic activity compared to aging of 
the HC precursors. 
 
An increase in catalytic activity of HN and HC was observed significantly after 
temporary addition of oxygen was done to the feed mixture. The higher catalytic 
activity does not correlate with an increase in copper surface area, microstrain or 
oxygen in copper cluster (Cu-EXAFS), but due to slight changes of the catalyst in the 
medium range order of Cu and ZnO in XAS analysis. Furthermore, the HRTEM and 
63Cu NMR investigations revealed that the copper particles get more sintered resulting 
in less interfacial contact of Cu to ZnO as was observed after the O2 pulse. Based on 
these comparative investigations, a structural model of the active catalyst as a 
function of aging was proposed for the HN preparative route. 
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Kajian ke atas modifikasi struktur mangkin Cu/ZnO bagi proses pembentukan semula 
stim metanol (MSR) telah dilakukan sebagai fungsi masa penuaan. Mendakan 
prekursor Cu,Zn-hidroksikarbonat (HC) dan Cu,Zn-hidroksinitrat (HN) telah 
dimatangkan di dalam cecair bahan tindakbalas selama 120 minit dan diikuti dengan 
proses pembasuhan, pengeringan, pengkalsinan dan penurunan. Teknik TG/MS, XRD 
dan SEM telah digunakan untuk mencirikan prekursor-prekursor sebelum dan selepas 
masa penuaan tersebut. Secara keseluruhannya, kesan penuaan yang ketara telah 
diperhatikan ke atas prekursor HC (mangkin rujukan) manakala tiada perubahan yang 
sangat ketara dapat diperhatikan dari prekursor HN. 
 
Bagi menentukan kesan modifikasi mikrostruktur sebagai fungsi masa penuaan, 
struktur pukal mangkin Cu/ZnO telah dikaji secara in-situ XRD, in-situ XAS, 63Cu 
NMR dan HRTEM. Hasil daripada kajian menunjukkan peningkatan di dalam aktiviti 
mangkin yang dihasilkan dari prekursor HC adalah sejajar dengan faktor penurunan 
saiz kristal kuprum (iaitu peningkatan luas permukaan kuprum) dan peningkatan daya 
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mikro regangan di dalam kekisi kuprum yang disebabkan oleh peningkatan antara 
muka Cu dan ZnO. Manakala penuaan prekursor HN menghasilkan prekursor yang 
bersaiz besar, terpisah dan kurang daya regangan antara partikel Cu dan ZnO. Ini 
menyebabkan kadar aktiviti yang lebih rendah bagi mangkin Cu/ZnO yang dihasilkan 
melalui proses penuaan prekursor HN berbanding  HC.  
 
Peningkatan yang ketara dalam aktiviti mangkin Cu/ZnO bagi HC dan HN dapat 
diperhatikan selepas penambahan sementara oksigen ke dalam bahan suapan. 
Peningkatan aktiviti yang tinggi ini didapati tidak berkaitan dengan peningkatan luas 
permukaan kuprum, daya mikro regangan atau oksigen yang terdapat di dalam 
susunan gabungan atom – atom kuprum (Cu-EXAFS), tetapi adalah disebabkan oleh 
sedikit perubahan yang berlaku di antara jarak pertengahan Cu dan ZnO seperti yang 
diperhatikan di dalam analysis XAS. Tambahan pula, kajian HRTEM dan 63Cu NMR 
menunjukan partikel kuprum menjadi semakin besar yang menyebabkan kurang 
interaksi antara muka Cu dan ZnO selepas penambahan sementara oksigen. Oleh itu, 
berdasarkan kajian ini, satu model struktur bahan mangkin aktif yang dihasilkan dari 
proses penuaan HN telah dicadangkan. 
 
 
 
 
 
 
 
 
  vii 
ACKNOWLEDGEMENTS 
 
 
Bismillahirrahmanirrahim….  
In the Name of Allah, The Most Gracious and The Most Merciful.  
First and foremost, deepest gratitude goes to my supervisor Prof. Madya Dr. Irmawati 
Ramli, for her effort and support in giving me the opportunity to feel the experience 
and gain knowledge at Fritz Haber Institute of MPG (FHI) Berlin, Germany. Heartfelt 
thanks to my project partner Benjamin L. Kniep for his guidance, scientific 
discussion, and encouragement throughout my work in FHI. Special thank to my 
beloved friend Alexandra Szizybalski (and her husband; Lars) for being such a good 
friend and the wonderful time we spent. Thanks to all my colleagues at FHI especially 
to the Geometry Structure members; Edith Kitzellman, Dr. Frank Girgsdies, Dr. Rolf 
Jentoft, Dr. Thorsten Ressler, Eva Rödel, Jurgen Ostwald, Olga Kirilenko and Hary 
Soerijanto for the valuable discussion, guidance and assistance.  
 
Special appreciation also goes to Prof. Madya Dr. Abdul Halim Abdullah, Prof. 
Madya Dr. Taufiq Yap Yun Hin and Prof. Madya Dr. Sharifah Bee Abd. Hamid for 
their assistance and contribution in my work. To all my lab mates (Izan, Yatod, 
Deena, Yati, Tim, Murni, Kak Sharmy, Hasbi, Raslan, Izham, Saw, Asri, Hairul, Hooi 
Hong and Chee Keong) for their support and encouragement. Last but not least, thank 
to all those who had contributed to the success of this work in one way or another 
especially my beloved family (Mak, Abah, Kak Ina, Uda, Fadzil and Adik) and Shark 
for their support, encouragement and endless love that gave me the strength to go 
abroad and complete my dissertation. Financial support from Universiti Putra 
Malaysia and the Ministry of Science, Technology and Innovation (MOSTI) in the 
form of PASCA Graduate scheme is gratefully acknowledged. 
  viii 
I certify an Examination Committee met on 10th February 2006 to conduct the final 
examination of Ernee Noryana Binti Muhamad on her Master of Science thesis 
entitled “Structure-Activity Correlations of Cu/ZnO Catalysts Derived from Different 
Precursors As A Function of Aging” in accordance with Universiti Pertanian 
Malaysia (Higher Degree) Act 1980 and Universiti Pertanian Malaysia (Higher 
Degree) regulations 1981. The Committee recommends that the candidate be awarded 
the relevant degree. Members of the Examination Committee are as follows: 
 
 
 
Gwendoline Ee Cheng Lian, PhD 
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Chairman) 
 
Zulkarnain Zainal, PhD 
Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Mohamed Ibrahim Mohamed Tahir, PhD 
Faculty of Science 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Rosiyah Yahya, PhD 
Associate Professor 
Faculty of Science 
Universiti Malaya 
(External Examiner) 
 
 
 
 
  
 HASANAH MOHD. GHAZALI, PhD 
 Professor/ Deputy Dean 
 School of Graduate Studies 
 Universiti Putra Malaysia 
  
 Date: 
 
 
 
 
 
 
 
  ix 
This thesis submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfillment of the requirement for the degree of Master of Science. The 
members of the Supervisory Committee are as follows: 
 
 
 
Irmawati Ramli, PhD 
Associate Professor 
Faculty of Science  
Universiti Putra Malaysia 
(Chairman) 
 
Abdul Halim Abdullah, PhD 
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Member) 
 
Taufiq Yap Yun Hin, PhD 
Associate Professor 
Faculty of Science 
Universiti Putra Malaysia 
(Member) 
 
Sharifah Bee Abd Hamid, PhD 
Associate Professor 
Faculty of Science 
Universiti Malaya 
(Member) 
 
 
 
 
 
 
 AINI IDERIS, PhD 
 Profesor/Dean 
 School of Graduate Studies 
 Universiti Putra Malaysia 
  
 Date : 
  
 
 
 
 
 
 
 
 
  x 
DECLARATION 
 
 
I hereby declare that the thesis is based on my original work except for the quotations 
and citations which have been duly acknowledged. I also declare that it has not been 
previously or concurrently submitted for any other degree at UPM or other 
institutions. 
 
 
 
  
 
 
  
 ERNEE NORYANA BINTI MUHAMAD 
 
  
 Date :  20th March 2006 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  xi 
TABLE OF CONTENTS 
 
 Page 
 
DEDICATION ii 
ABSTRACT iii 
ABSTRAK v 
ACKNOWLEDGEMENTS vii 
APPROVAL viii  
DECLARATION x 
LIST OF TABLES xiii 
LIST OF FIGURES xiv 
LIST OF ABBREVIATIONS xviii 
 
CHAPTER  
 
1 INTRODUCTION  
 1.1 1 
 1.2 5 
 1.3 
Cu-ZnO Catalysts 
The Hydrogen Production from Methanol 
Methanol Steam Reforming  7 
  1.3.1 Mechanism of Methanol Steam Reforming (MSR) 12 
      
2 LITERATURE REVIEW  
 2.1 Catalysts Preparation 17 
  2.1.1 Precipitation and Co-precipitation  17 
 2.2 Preparation Parameters 20 
  2.2.1 pH and Temperature 21 
  2.2.2 Raw Materials 24 
  2.2.3 Aging 26 
 2.4 Scope of Research 31 
 2.5 Objectives of Research 32 
      
3 METHODOLOGY  
 3.1 Materials and Gases 33 
 3.2 Preparation of Sample 34 
  3.2.1 Experimental Set-up 34 
  3.2.2 Catalyst Preparation 35 
  3.2.3 Samples Treatment Conditions 36 
 3.3 Ex-situ Sample Characterizations 39 
  3.3.1 X-ray Diffraction (XRD) Analysis 39 
  3.3.2 Combined Thermal Treatment and Mass Spectroscopy 
Analysis (TG/DSC-MS) 
39 
  3.3.3 X-ray Fluorescence (XRF) Analysis  39 
  3.3.4 Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray (EDX) Analysis 
40 
 3.4 In-situ Sample Characterization 40 
  3.4.1 Transmission Electron Microscopy (TEM) 40 
  3.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 41 
  3.4.3 X-ray Diffraction Analysis (In-situ XRD) 41 
  3.4.4 X-ray Absorption Spectroscopy (XAS) 44 
  xii 
  3.4.5 N2O decomposition / Reactive Frontal Chromatography 
(RFC) 
45 
 3.5  Catalytic Activity 45 
  3.5.1 Methanol Steam Reforming Reaction / O2 pulse 45 
      
4 RESULTS  
 4.1 Introduction 48 
 4.2 Precursor Formation 49 
 4.3 Characterization of Calcined Precursors 57 
 4.4 Reduction Behavior of CuO/ZnO 67 
 4.5 Activity (MSR) and Microstructural Investigation of Cu/ZnO 
Catalysts 
87 
 4.6 Effect of Oxygen Pulse on the Microstructural of Cu/ZnO Catalysts 93 
      
5 DISCUSSIONS  
 5.1 Precursor Formation and Decomposition 109 
 5.2 Microstructural and Activity Correlations 111 
 5.3 The Oxygen Addition (O2 pulse) Investigation 113 
      
6 CONCLUSIONS AND RECOMMENDATIONS 115 
      
BIBLIOGRAPHY 118 
APPENDICES 128 
BIODATA OF THE AUTHOR 130 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  xiii
LIST OF TABLES 
Table  Page 
1.1 Summaries of some study of methanol steam reforming by related 
year [22] 
 
10 
2.1 Some industrially relevant catalysts and supports obtained by 
precipitation or co-precipitation techniques [47] 
 
19 
2.2 Phases identified in the precipitate (reference therein 63) 
 
26 
4.1 MS data of main mass fragment during calcination of 0HNp and 
120HNp 
 
60 
4.2 Total mass loss during calcination at different temperature from 300 K 
to 603 K and from 300 to 873 K in 21 vol % O2/He (6 K/min) 
 
63 
4.3 Total mass loss of 0HNc and 120HNc during temperature 
programmed reduction (TPR) under different reduction potential of 2 
vol % H2/He and 15 vol % H2/He (300 K to 523 K, 6 K/min) 
 
72 
4.4 The results from NMR fitting procedure of reduced Cu/ZnO catalysts 
 
75 
4.5 Comparison in catalytic activity produced by differently prepared 
precursor under methanol steam reforming (MSR) condition at 523 K 
 
89 
4.6 H2 and CO2 production rate (µmol/g*s) calculated from XAS 
experiment under methanol steam reforming condition 
 
92 
4.7 The comparison results from NMR fitting procedure of 0HN and 
120HN samples before and after O2 pulse 
 
96 
4.8 Increase in H2 production rate (per gram catalysts) after adding O2 to 
the feed for about 20 min at 523 K (respect to the initial activity 
before O2 pulse) 
 
102 
 
 
 
 
 
 
 
 
 
 
 
 
 
  xiv 
LIST OF FIGURES 
Figure  Page 
1.1 Four different routes used for methanol conversion process [22] 
 
6 
2.1 Parameters affecting the properties of the precipitate and main 
properties influenced [47] 
 
21 
2.2 Scheme of the preparation procedure for Cu/ZnO catalysts via 
hydroxycarbonate precursors [37] 
 
24 
2.3 Reaction scheme for the precipitation, aging and subsequent stages in 
the preparation of 2:1 Cu/Zn catalysts [53] 
 
28 
2.4 Propose model of strain induce as function of aging time [18] 
 
30 
3.1 Scheme of the experimental set up used for the precipitation 
 
35 
3.2 Different stages (A - K) of sample treatments for in-situ experiments  
(i.e. XRD, XAS, NMR, RFC and HRTEM) and methanol steam 
reforming process 
 
37 
3.3 Schematic setup of the in-situ XRD-cell in Bragg Brentano geometry 
 
42 
3.4 STOE theta-theta diffractometer (in-situ cell and sample holder) 
 
43 
3.5 Schematic diagram of the methanol steam reforming set-up 
 
46 
4.1 pH curves of precipitation of Cu/Zn nitrate with ammonia hydroxide 
(HN) and sodium carbonate (HC) as function of aging time at constant 
pH of 7.0 
 
49 
4.2 X-ray diffractograms of the dried precursor for unaged and 120 min 
aging of the HN precursors (left); and matching diffractograms of 
different crystallite copper nitrate hydroxide (A-D) phases for 0HNp 
(right) 
 
51 
4.3 3D structure images of (A) gerhardite-orthorhombic [ICDD: 14-687]  
(B) gerhardite-monoclinic [ICDD: 15-14] and (C) gerhardite-
monoclinic [ICDD: 45-594]. Source: Inorganic Crystal Structure 
Database ICSD (Cyan: Cu; Red: O; Blue: N; White: H) 
 
53 
4.4 Peak broadening of FWHM due to aging of Cu/Zn hydroxynitrate of 
different aging precursors of 0HNp and 120HNp (refer to the most 
intense peak of gerhardite phase at 12.8 ° 2θ) 
 
54 
4.5 SEM morphology and EDX elemental analysis of unaged precursor 
(0HNp) under magnification of (a) 15 000x and (b) 50 000x 
 
55 
  xv 
4.6 SEM morphology and EDX elemental analysis of aged precursor 
(120HNp) under magnification of (a) 15 000x and (b) 50 000x 
 
56 
4.7 TG/DSC signal during the calcination of 0HNp and 120HNp from   
300 K to 603 K (6 K/min) under 21 vol % O2/He 
 
58 
4.8 Mass loss (TG) and the main mass fraction (MS) decomposed during 
the calcination of 0HNp in 21 vol % O2/He (300 K to 603 K, 6 K/min) 
 
59 
4.9 Mass loss (TG) and the main mass fraction (MS) decomposed during 
the calcination of 120HNp in 21 vol % O2/He (300 K to 603 K,               
6 K/min) 
 
59 
4.10 TG curve (mass loss) of 0HNp and 120HNp at different calcination 
temperature of 300 K to 603 K and from 300 K to 873 K 
 
63 
4.11 X-ray diffractograms of CuO/ZnO under different calcination 
temperature from 300 K to 603 K (above) and from 300 K to 873 K 
(below) under 21 vol % H2/He at ramping of 6 K/min 
 
65 
4.12 Typical SEM images of CuO/ZnO of 0HNc under magnification of 
(A) 15 000x, (B) 50 000x, and CuO/ZnO of 120HNc under 
magnification of (C) 15 000x and (D) 50 000x 
 
66 
4.13 The mass loss (TG curve) and DSC signal during the reduction of 
0HNc under 2 vol % H2/He (300 K to 523 K; 6 K/min) in comparison 
with mass fraction (m/z 1, m/z 18, and m/z 44) 
 
67 
4.14 The mass loss (TG curve) and DSC signal during the reduction of 
120HNc under 2 vol % H2/He (300 K to 523 K; 6 K/min) in 
comparison with mass fraction (m/z 1, m/z 18, and m/z 44) 
 
68 
4.15 TG curve (mass loss) during the reduction of CuO/ZnO under 
reduction atmosphere of 2 vol % H2/He from 300 K to 523 K              
(6 K/min), shows the shift in the onset of the reduction from 479 K 
(0HNc) to 475 K (120HNc) 
 
69 
4.16 Onset of the reduction of 0HNc and 120HNc determined by ‘abstract 
concentration’ of CuO from XANES analysis 
 
71 
4.17 Diffractograms of 0HNr and 120HNr (above) with respective Cu 
[ICDD-PDF-2:4-836] and ZnO [ICDD-PDF-2:36-1451] peaks from  
30 ° to 80 ° 2θ (below) 
 
73 
4.18 63Cu NMR spectra of differently aged Cu/ZnO catalysts (0HN and 
120HN) measured at 4.2 K (Irel = intensity) 
 
74 
4.19 NMR peak profile fitting by asymmetric Pseudo-Voigt function for   
(a) 0HNr and (b) 120HNr implemented from WinXAS 3.1. (Red line 
is the fitting profile and blue line is the measured NMR peak) 
75 
  xvi 
4.20 Transmission Electron micrographs (HRTEM) of big ZnO plate (A) 
and electron diffraction pattern of ZnO plate (B) of 0HNr 
 
77 
4.21 HRTEM image of 0HNr shows big Cu particle with some lattice 
fringes (left) 
 
77 
4.22 HRTEM images of 120HNr after reduction in 2 vol % H2/He under 
magnification of 300,000 x (right) 
 
77 
4.23 In-situ X-ray diffractograms of Cu/ZnO catalysts (   Cu phase;   ZnO 
phase) for 0HNr and 120HNr measured during the reduction at 523 K 
(above)  and after the reduction at 323 K (below) 
 
78 
4.24 Copper crystallite size calculated from Scherrer formula of Cu 
reflexes [111, 200, 220, 311] measured at 523 K during reduction in 2 
vol % H2/He for 0HNr, 120HNr, 0HCr and 120HCr 
 
80 
4.25 Copper particle size calculated from Scherrer formula of Cu reflexes 
[111, 200, 220, 311] measured at 323 K (under He atmosphere) after 
reduction in 2 vol % H2/He for 0HNr, 120HNr, 0HCr and 120HCr 
 
80 
4.26 Microstrain of Cu [111, 200, 220, 311] reflexes measured at 523 K 
during reduction in 2 vol % H2/He for 0HNr, 120HNr, 0HCr and 
120HCr 
 
81 
4.27 Microstrain of Cu [111, 200, 220, 311] reflexes measured at 323 K 
(under He flow) after reduction in 2 vol % H2/He for 0HNr, 120HNr, 
0HCr and 120HCr 
 
82 
4.28 Experimental Fourier-transformed Cu K-edge χ(k) (magnitude) of 
copper measured at 523 K in 2 vol % H2/He for the activated Cu/ZnO 
catalysts obtained from 0HNr, 120HNr, 0HCr and 120HCr of the 
corresponding precursors 
 
83 
4.29 Cu Debye-Waller factor of the multiple scattering path obtained by the 
refinement of theoretical Cu EXAFS to the experimental data of four 
Cu/ZnO catalysts (0HN, 120HN, 0HC and 120HC) measured at 523 K 
 
85 
4.30 Strain indicator from Debye-Waller factor for multiple scattering path 
at long range order (MS10 - 5.1121 Å) 
 
86 
4.31 Fourier transformed experimental Zn K edge χ(k) of the 0HNr, 
120HNr, 0HCr and 120HCr at 523 K (2 vol % H2/He) 
 
87 
4.32 H2 production rate and CH3OH conversion as function of aging for 
differently prepared precursor (i.e. 0HNr, 120HNr, 0HCr, 120HCr, 
and malachite) catalysts 
 
88 
4.33 The H2 production (vol %/s) of activity of Cu/ZnO catalysts under 
Methanol Steam Reforming condition carried out in in-situ XAS cell 
92 
  xvii 
4.34 The H2 production (vol %) during the MSR reaction before (i.e. 0HNr 
and 120HNr) and after additional O2 pulse (i.e. 0HNo and 120HNo) 
measured in packed bed reactor at 523 K 
 
94 
4.35 Increase in methanol conversion after O2 pulse for 0HNo, 120HNo 
and 120HCo tested in tubular stainless steel reactor under working 
condition at 523 K 
 
95 
4.36 63Cu NMR measurements of sample (A) 0HN and (B) 120HN before 
and after the addition of O2 to the feed gas 
 
96 
4.37 63Cu NMR spectra of Cu/ZnO catalysts prepared by differently aged 
HN samples (0HNo and 120HNo) after the oxygen pulse 
 
96 
4.38 X-ray diffractograms of 120HN at different stages of treatment          
(a) calcined (CuO/ZnO) (b) reduced (Cu/ZnO) (c) after temporarily O2 
addition and (d) re-reduction in feed at 523 K under working 
condition 
 
97 
4.39 Comparison of Cu [111] crystallite size calculated from Scherrer 
formula before and after adding O2 to the feed measured at 523 K 
 
99 
4.40 Comparison of Cu [111] microstrain before and after adding O2 to the 
feed measured at 523 K 
 
100 
4.41 TEM image of 0HNo after re-reduction in feed under magnification of 
13,000 x (left) 
 
101 
4.42 TEM image of 120HN after re-reduction in feed under magnification 
of 9,600 x (right) 
 
101 
4.43 Increase in the H2 production (vol %/s) per time on stream after the O2 
pulse for 0HN, 120HN, 0HC and 120HC measured by XAS cell at  
523 K 
 
102 
4.44 Experimental Fourier transformed Cu K-edge χ(k) of differently aged 
HN and HC samples obtained at 523 K during methanol steam 
reforming reaction before (1 Feed) and after (2 Feed) O2 pulse 
 
104 
4.45 Experimental Fourier transformed Zn K-edge χ(k) of differently aged 
HN and HC samples obtained at 523 K during methanol steam 
reforming reaction before (1 Feed) and after (2 Feed) O2 pulse 
 
105 
4.46 Fourier transformed experimental Zn K edge χ(k) and imaginary part 
of the reduced Cu/ZnO derived from hydroxynitrate (HN), 
hydroxycarbonate (HC) and hydrozincite (HZ) sample recorded at   
523 K 
 
106 
6.1 Schematic model of HN precipitate as function of aging 116 
  xviii 
LIST OF ABBREVIATIONS 
 
 
DSC Differential Scanning Calorimetric 
 
DWF Debye-Waller factor 
 
EDX Energy Dispersive X-ray 
 
EXAFS Extended X-ray Absorption Fine Structure 
 
FWHM  Full width at half maximum 
 
HC  Hydroxycarbonate  
 
HN Hydroxynitrate 
 
HRTEM High Resolution Transmission Electron Microscopy 
 
ICDD-PDS International Centre for Diffraction Data – Powder Diffraction 
Standard 
 
ICSD Inorganic Crystal Structure Database  
 
IUPAC International Union of Pure and Applied Chemistry 
 
MS Mass Spectrometer 
 
MSR Methanol Steam Reforming 
 
NMR Nuclear Magnetic Resonance 
 
RDF Radial Distribution Function 
 
RFC Reactive Frontal Chromatography 
 
SEM Scanning Electron Microscopy 
 
TEM Transmission Electron Microscopy 
 
TG Thermogravimetric 
 
XAS X-ray Absorption Spectroscopy 
 
XRD X-ray Diffraction  
 
XRF X-ray Fluorescence 
 
 
    1 
CHAPTER 1 
 
INTRODUCTION 
 
In general, this chapter represents some background of the well known Cu-based 
catalysts especially Cu/ZnO which is related to this study. Towards the end of this 
chapter, the application of the catalysts in hydrogen production particularly in 
Methanol Steam Reforming (MSR) reaction is described. 
 
1.1 Cu/ZnO Catalyst 
 
Copper catalysts are widely used for a variety of selective hydrogenation and 
dehydrogenation processes and it has been known at least since the 1920’s. For 
instance, Cu/ZnO catalyst formulation is well known for low-pressure methanol 
synthesis [1,2] and low-temperature water-gas shift reaction (WGS) [3]. Recently a 
lot of studies discussed its application for the production of hydrogen from methanol 
by steam reforming and/or partial oxidation reaction especially for fuel cell 
application [4,5]. Cu/ZnO catalysts also have been used in hydrogenation of carbon 
monoxide [6-8], carbon dioxide [9], unsaturated hydrocarbons and certain reactions of 
amines [10]. 
 
The performance of these catalysts is sensitive to the preparation methods, the choice 
of oxide phase used in them and the presence of small amounts of dopants such as 
alkali and alkaline earth compounds as well as of Group VIII metal. Most of the 
published studies reported the use of simple copper/zinc binary system as the 
    2 
precursors of these catalysts rather than three or four components in one system. The 
implication of more components in one system makes the system much more 
complicated to understand and because of that, most of the extensive publications on 
these catalysts have concentrated on the simple copper/zinc oxide binary system. The 
incorporation of zinc oxide into the copper catalyst is of primary importance in 
making and maintaining a good dispersion of copper metal crystallites and also 
prevents the copper particles from sintering [1]. Moreover, the high activity of this 
particular system is believed to result from a strong interaction of the two phases 
(Cu/ZnO) leading to a specific quality of the active copper material which is a subject 
under discussion. In fact, this is widely documented in several reviews [10-13] which 
brought into evidences that controversial issues are yet lively. 
 
However, there are some controversies respective to the roles of Cu and ZnO that 
make this system interesting for investigations (i.e. the effects of structural and 
chemical promotion). Although the process (e.g. methanol synthesis) involving 
copper-based catalysts are well established industrially, debates still exist as to: 
 
i. the influence of the preparation method 
ii. the role of the reduced copper species on the surface of catalysts 
iii. the identification of the active sites  
iv. role of ZnO and Al2O3 in the catalytic process ( as Al2O3 is normally 
added to Cu/ZnO catalyst for industry) 
 
Cu-Zn-Al oxide catalysts have attracted great interest in the last decade after the the 
first paper was published by Klier [2]. Klier suggested that Cu is incorporated in the 
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ZnO phase on interstitial and substitutional sites, assuming three possible valence 
states Cu0, Cu+ and Cu2+. Klier’s proposals were made within the framework of bulk 
defect equilibria based on scanning transmission electron microscopy (STM), X-ray 
data and optical spectra [10]. He found that the defect structure and therefore the bulk 
of the catalyst determine the catalytic activity.  
 
The formation of Cu+ has also been reported by several authors [13,14]. In particular, 
Fujitani et al. [14] in their study on the interaction between support and metal catalyst 
suggested that the active component was not only Cu+ but also Cu0. Thus the support 
may play the role to control the Cu+/Cu0 ratio on which the catalytic activity depends. 
Other pronounces support effect was found by Bartley and Burch [15] when different 
copper catalysts are tested for the methanol synthesis from both CO/H2 and CO2/H2 
mixtures. In particular, Burch et al. [15,16] and Spencer [17] have proposed that the 
role of ZnO is to act as a reservoir for hydrogen and to promote the hydrogen spill-
over.  
 
In other point of view, the morphology effect, proposed by Yoshihara and Campbell 
[18], Ovesen et al. [19], Hadden et al. [20], and Topsøe and Topsøe [21], in which the 
morphology of copper particles on a ZnO support is responsible for the effect of ZnO 
upon the methanol synthesis, is also a controversial issue. The view, so far described, 
is further complicated by the fact that, depending on the experimental condition and 
on the catalyst preparation history, the formation of a Cu-Zn alloy may also occur 
[22,23]. As a result, this makes the system more complicated to understand, and hence 
point a great interest for further investigation. 
 
    4 
Recent works carried out by Kniep et al. [24,25] and Günter et al. [26,27] show that 
the methanol synthesis and methanol steam reforming activity for binary Cu/ZnO 
catalysts can be related to the microstrain in copper particles.  Extensive in-situ XRD 
analysis, for determining the microstructural strain in both Cu and ZnO, clearly 
indicates that the specific Cu surface area of Cu/ZnO samples alone cannot 
unequivocally account for the observed methanol production rates of the systems. 
Structural defects of Cu resulting from presence of ZnO in Cu metal, incomplete 
reduction or epitaxial orientation to ZnO are believed to cause strain which modifies 
the Cu surface area and, thus, influence the catalytic activity.  
 
In contrast from the idea that ZnO also plays an important role in the catalytic activity 
of Cu/ZnO catalysts (i.e. methanol synthesis), a contradiction appeared when, 
Chinchen et al. [1,12] reported that the methanol synthesis reactions occur exclusively 
on the surface of metallic copper and ZnO acts as carrier to prevent sintering of the 
copper particles. Therefore, ZnO has no special role towards copper in the synthesis 
of methanol.  
 
In summary, the complexity in understanding the synergetic effect between copper 
and zinc oxide, the active states of copper and the effects of ZnO are still subjected to 
some debates, hence a great interest in research area. The origin for all of these issues 
are the knowledge-based of the relationships between catalytic activity, surface 
structure and bulk structure in order to come to a rational catalyst design. Therefore, a 
better understanding of the precursor phases is needed since precursor structure plays 
a unique role in determining the interdispersion and the activity of the final catalysts. 
    5 
Different types of mechanism and conditions have been used in the preparation of 
catalyst precursor resulting in the formation of various types of crystalline phases.  
 
1.2 The Hydrogen Production From Methanol 
 
Hydrogen (H2) is used in vast quantities in the chemical industry for production of 
various bulk, fine and special chemicals, in food processing, for fuel production in 
refineries, in the steel industry and also directly as a fuel.  The largest portion of 
hydrogen in the world is manufactured at ammonia production units and consumed on 
site in the process. Other large consumers are the processes for methanol and 
hydrogen peroxide production. 
 
Hydrogen can be produced from both fossil and renewable sources. The largest 
quantities are manufactured from natural gas. However, in the future it can be 
produced by electrolysis of water using solar energy. In this case it can clearly be 
viewed as a sustainable source of energy. Hydrogen is the cleanest fuel available and 
ideally produces only water during combustion, which makes it an interesting 
alternative to decrease the anthropogenic emission of carbon dioxide (CO2). The most 
important driving force for using hydrogen in automotive applications is the potential 
of obtaining low emissions of hazardous compounds. Hydrogen can be used in 
internal combustion engines or in fuel cell engines.  
 
However, storing hydrogen on board a vehicle poses many concerns regarding safety 
and handling and can affect customer acceptance in a negative way. Hydrogen can be 
stored as a compressed gas at high pressures, as liquid at cryogenic temperature, in 
